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Herein, we report a theoretical investigation of the electronic structure and magnetic properties in
HCp M LN(THR)L(-N2*)~ and [(Cpa™Me*Ln)s(u-No*)1~ (THF = tetrahydrofuran, CpMe*H = tetramethyl-
cyclopentadienyl, Ln = Tb, Dy) complexes [as reported in Demir et al, Nat. Commun., 8, 1-9, 2144
(2017)]. By ab initio methods, their magnetic blocking behaviors are successfully characterized allowing
elucidation of the origin of the two blocking barriers observed experimentally. In addition, a detailed
analysis of exchange wave functions explains why the blocking barrier of the Tb complexes is roughly
twice as large as that of the Dy analogues, a fact which appears to be a general trend exhibited in this
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1 Introduction

Single-molecule magnets (SMMs) are molecules that exhibit
magnetic hysteresis below a critical temperature. The first
molecule displaying such behavior is Mn;, which possesses a
blocking energy barrier of U.r=51 cm™ ' and magnetic hysteresis
up to 2.5 K."* Because of these intriguing properties, they are
potentially applicable in high-density information storage,**
molecular toroics,” molecular spintronics®® and quantum
computation.”® The vital prerequisite for an arbitrary com-
pound to display SMM behavior is that its ground state displays
magnetic bistability, which is a result of magnetic anisotropy.
Thus, strongly anisotropic ions, such as transition-metal (3d)
and lanthanide (4f) (and to a lesser extent actinide ions (5f)) are
utilized in the field. Systems containing 3d-ions are usually at
the strong exchange limit such that the energy separation
between some low-lying levels by the exchange interaction is
much larger than that of the crystal-field (CF) effect. In this
case, the blocking energy barrier can be approximated as Ueg =
|D|S*.*° On the other hand, lanthanide complexes also have
attracted great attention owing to their large single-ion aniso-
tropy arising from the combination of spin-orbit coupling
and the CF effect. Over the past decade, the performance of
4f-SMMs has been improved drastically.'*>* Currently, the
[(Cp™™)Dy(Cp*)]" single-ion magnet (SIM) reported in 2018
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exhibits the highest blocking energy barrier of 2217 K and
magnetic hysteresis at a record temperature of 80 K.>*
Besides enhancing the magnetic axiality of individual mag-
netic sites,>> >’ coupling multiple magnetic ions represents an
alternative route towards the development of the field. By this
approach, the total magnetic moment could be increased, and
thus improve the magnetization blocking behavior. It has been
shown that a strong exchange interaction is able to suppress
various mechanisms of magnetic relaxation, such as quantum
tunneling of magnetization (QTM).>®**° However, since the 4f
orbitals of lanthanide ions are shielded by the outermost
electronic shells (5p and 5s), the common intra-molecular
magnetic exchange interaction is relatively weak. To promote
the interaction, bridging the lanthanide centers by a radical
ligand has proved to be a fruitful strategy. Due to the fact that
the radical’s HOMO orbital is relatively diffuse, it is able to
penetrate the electron density of the outer shells of the metal
ions, enhancing the coupling with the 4f magnetic shells via the
superexchange mechanism.***" Indeed, a series of N, -radical-
bridged dilanthanide complexes reported by Rinehart et al.
have displayed an exceptionally strong exchange interaction
of a few orders of magnitude larger than the usual complexes.*?
As a result, a terbium compound has shown a 100 s. blocking
temperature of 13.9 K.** Furthermore, it was also the first
molecule whose exchange interaction was studied by inelastic
neutron scattering technique.®® Over the past few years,
research on radical-lanthanide systems has been conducted
intensively. Many complexes of this type have been synthesized
that show SMM behavior. For instance, [{(n’-Cp*),Dy},(u-
ind)]"” (n = 0, 1) possess blocking barriers of 39 cm™" and
35 cm ™, respectively;*® [(Cp,*Ln),(u-bpym*)]* (Ln = Tb, Dy)
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Fig. 1 Molecular structure of 1-Tb (left) and 2-Tb (right). Cyan, blue, red and gray spheres illustrate Tb, N, O and C atoms, respectively. Hydrogen atoms
are omitted and THF groups are faded for clarity. Red dashed lines indicate the magnetic anisotropy axis of the ground doublet on each Ln ion while the
yellow dashed line indicates the ground exchange doublet. Green and blue arrows demonstrate the magnetic moments of the Ln ions and the radical,

respectively.

show U.s = 44 and 87.8 cm '.>° Besides nitrogen-based
radicals,?*?*%™*° the tetraoxolene ligand can be utilized to
enhance the coupling as well.*'™** So far, the top-performing
SMM in this family is [K(crypt-222)][(Cp,™*"Tb),(11-N,*)] which
retains magnetization for 100 s. at the temperature of 20 K.’

Despite of the fact that the synthesis of radical-lanthanide
complexes has been progressively developed,®***** their micro-
scopic picture remains ambiguous owing to the intricate inter-
play between the local CF effect and the exchange interaction.
Herein, we report a computational investigation for the two
recently synthesized series [(Cp,™**"Ln(THF)),(u-N,*)]” (THF =
tetrahydrofuran, Cp™**" = tetramethylcyclopentadienyl,
Ln = Tb (1-Tb), Dy (1-Dy)) and [(Cp,™**"'Ln),(u-N,*)]” (Ln = Tb
(2-Tb), Dy (2-Dy)) (Fig. 1 and Fig. S1-S3, ESI{).*® Based on
the obtained data, the magnetic blocking mechanism is eluci-
dated to shed some light on the microscopic nature of such
complexes.

2 Theoretical approach

The ground J-multiplet of the Ln**-N,’ -Ln*" system can be
described by the following Hamiltonian:*'

H=Hcp + Hep' + Hey, (1)
Hcr = ZanBZOZ(‘/)a (2)
kq
j .
Hep = Zkaqoo ') 3)
i=12 kq
(S,
Hex = Z kaqlq 00 q’ (4)
i=12 kqq'

where Hcr expresses the local CF of the lanthanide ions given
by the surrounding ligands;*® Hcg' is the covalent CF arising
from the electron delocalization between Ln®*" and N,*7;
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H,, characterizes the exchange interaction between them. The
Steven matrix elements are calculated as:*”

JM

CJM’k
OZ = Z 7 q‘JM><JM/‘7 (5)
MM JIkO

where CJIl, =~ are the Clebsch-Gordan coefficients."® While

eqn (2) is treated adequately by ab initio methods, eqn (3)
and (4) emerged from the exchange interaction are computed
semi-empirically.

It is noteworthy that because of the giant exchange inter-
action, instead of mixing only the ground CF doublet on each
Ln center, the mixture involves the whole ground CF
multiplet.”** As a result, the non-negligible exchange para-
meters are up to rank k = 7 and projection |g| = 5. The exchange
interaction is governed by the superexchange mechanism,**>*
which has been investigated theoretically by a combination of
computational methods and the microscopic Hubbard models
elsewhere.?’ The result shows that the superexchange origi-
nates from the overlap between the 4f,,, orbital(s) of the
lanthanide ion and the m* next LUMO orbital of the N,*>~
radical. It is estimated that the dominant contribution to this
process is kinetic exchange; the other terms such as Good-
enough’s mechanism,” direct exchange and magnetic dipolar
interaction are expected to have a significantly smaller effect
than the kinetic exchange. The investigation also concludes
that exchange coupling is not always favourable to magnetiza-
tion blockage. In some circumstances, it reduces the magnetic
axiality of the low-lying exchange states and limits the blocking

barrier to the first-excited level.**

3 Computational details

In this study, according to the crystallographic information
files (CIFs), the Ln-N bond lengths vary from 2.23 A to 2.27 A**

This journal is © the Owner Societies 2021


https://doi.org/10.1039/d1cp00452b

Published on 09 April 2021. Downloaded on 7/13/2021 9:20:07 AM.

PCCP

while those of the complexes studied previously®' are around
2.22-2.25 A.3%33 Therefore, it is assumed that the surrounding
ligands does not affect much the magnetic core, and its
exchange nature remains the same. The assumption will be
validated later by the comparison of the computed exchange
parameters. Thus, the exchange model in ref. 31 is utilized such
that the transfer parameter (¢) and the energy difference
between the 4f and n* orbitals (4) remains unchanged while
the only unknown parameter, the minimal electron promotion
energy (Up), is varied to reproduce the experimental magnetic
susceptibility.

Molecular structures of the complexes were taken from the
corresponding X-ray diffraction data.*® Calculations of electro-
nic states were performed within the MOLCAS 8.4 program.>®°’
Due to the current computational limitation, one of the para-
magnetic centers was substituted by the analogous diamagnetic
center Lu’'. To simulate the electrostatic effect arising from the
unpaired electron in the N,*~ radical, a point charge —0.5¢
(e = 1.602 x 10™*° C) was placed on each N atom. CASSCF
calculations®® were carried out with an active space including
all electrons in seven 4f orbitals. The ANO-RCC basis sets™®
were utilized with the VIZP contracted sets for the atoms
surrounding the paramagnetic center and the VDZ contracted
sets for the others. To include a spin-orbit interaction in the
ground J-multiplet, the Restricted Active Space State Interaction
(SO-RASSI)*® was employed mixing 7 septet, 140 quintet, 113
triplet, and 123 singlet states for Tb**, and 21 sextet, 128
quartet, and 130 doublet states for Dy*".

The SINGLE_ANISO module®® computed magnetic properties
of the mononuclear fragments. The spin-orbit wave functions
obtained from the preceding calculations were constructed into
the pseudospin Hamiltonian corresponding to S = 1/2 (Kramers
doublet in the case of Dy**, Ising doublet in the case of Tb**).
Subsequently, diagonalizing the matrix representation of the
Zeeman Hamiltonian gave us the magnetic anisotropy of the
low-lying doublets on each Ln center.®™%*

The final step is to take into account the exchange inter-
action via the superexchange model, which was implemented
in the POLY_ANISO module.®>®® Before applying the model,
the molecules were rotated so that the exchange core obeyed
D, symmetry as in Fig. 2(a) in ref. 31. Once the promotion
energy U, was determined, the exchange parameters were fully
derived. Accordingly, the exchange energy spectra and the
magnetic properties of the polynuclear compounds were calcu-
lated. Based on the obtained data, the magnetization blocking
diagrams were plotted for some low-lying exchange levels where
the dominant relaxation paths occur.

4 Results and discussion

The local energy spectra and ground g-tensors are shown in
Table 1. For the Dy complexes, without the THF, the local CF
axiality is reduced considerably. In detail, the energy gap
between the ground and first-excited Kramers doublets of
2-Dy is 228 cm ', which is nearly a third smaller than that
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Fig. 2 Calculated (lines) and experimental (symbols) temperature-
dependent magnetic susceptibility (y7) at H = 1 T.

of 1-Dy. While their axial components (g,) of the g-tensors are
close to each other, the transverse components (gx,g,) of the
former are an order of magnitude greater than the latter.
Similarly, compared with 1-Tb, the CF for 2-Tb is also less axial
due to the larger tunneling gap (Awn) in the lowest Ising
doublet. As a consequence, QTM is expected to be more
pronounced when the THF is removed.'®®® Therefore, for
molecules possessing low symmetry, such as 1-Tb and 1-Dy,
reducing the coordination number may not be a good strategy
to promote the CF axiality.

The computed exchange parameters are shown in Table 3,
once the promotion energy has been obtained by the fitting
procedure (Table 2 and Fig. 2). We can see that the signs of the
parameters are identical to those reported in ref. 31; and they
are of the same order of magnitude. The reason is that due to
the D,;, symmetry of the magnetic core, only the 4f,,, orbitals
are involved in the exchange process. As a result, the dominant
first-rank terms #,,, (¢,¢ = *1) are isotropic instead of
the usual non-Heisenberg type.*’ Therefore, the surrounding

Phys. Chem. Chem. Phys., 2021, 23, 10303-10310 | 10305
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Table 1 Energy structure of the ground J-multiplet and g-tensor of the
ground doublet on each Ln center (cm™?)

State 1-Tb 1-Dy 2-Th 2-Dy

1 0.000 0.000 0.000 0.000
2 0.033 0.000 0.049 0.000
3 131.475 298.283 207.267 228.062
4 131.551 298.283 207.784 228.062
5 290.473 427.562 441.542 288.807
6 292.557 427.562 445.238 288.807
7 428.059 510.644 641.997 342.790
8 448.955 510.644 684.420 342.790
9 519.793 593.428 817.791 418.417
10 583.151 593.428 844.855 418.417
11 599.365 683.648 902.363 485.687
12 822.600 683.648 1010.655 485.687
13 823.026 783.394 1015.901 579.703
14 783.394 579.703
15 893.778 813.933
16 893.778 813.933
% 0.0000 0.0048 0.0000 0.0202
S 0.0000 0.0076 0.0000 0.0385
2 17.8963 19.7382 17.8687 19.7973

Note that the transverse components of the g-tensor (g,,) of the Tb ion
are zero because of Griffith’s theorem.®”*®

Table 2 Computational parameters and results obtained from the super-
exchange model. 4 and t are the energy gap between the 4f—n* orbitals
and the transfer parameter derived in the previous study, respectively.®! U
is the minimal promotion energy. gy, - are the corresponding components
of the g-tensor of the ground exchange doublet. 0 is the angle between
the magnetic anisotropy axes of the local and exchange ground doublets.
Uesr is the blocking energy barrier obtained from the experiments*© (exp.)
and ab initio calculations (cal.). Unit of energy is cm™

1-Tb 1-Dy 2-Tb 2-Dy
A 5.74 x 10 5.80 x 10  5.74 x 10  5.80 x 10"
t 1333 1322 1333 1322
Us 4100 6700 5000 5300
2 20x10°  1.9x10° 1.6x10° 65x10°°
rs 20x10°%  33x10° 29x10° 1.2x10°
ra 34 38 31 37
0 8.3° 4.4° 0.4° 4.3°
(exp.) Uegn 242 110 276 108
(cal) Uetrr 240 104 222 113
(exp.) Uetrr  — — 564 —
(cal) Uetta — 208 440 210

ligands only influence slightly the nature of the exchange
interaction provided by the radical, as expected. In addition,
if the lanthanide ions are connected by other radical bridges in
which the symmetry constraints are more permissive, other 4f
orbitals might also participate in the magnetic coupling,
enabling the anisotropy of the magnetic interaction.*"”°

The diagram for magnetic relaxation is plotted in Fig. 3.
As shown in the figure, the value of the matrix element of the
transition magnetic moment within the ground exchange
doublet in every complex is immensely small, indicating a
significant suppression of QTM. For 1-Th, the number between
—3 and +3 is equal to that between —4 and +4; and both of them
are the largest. Hence, the most suitable path is via the latter
since the transitions between —1 and —3 both directly and
indirectly via the other states are relatively weak. On the other
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Table 3 Computed exchange parameters 7~
k q q 1-Tb 2-Tb  Tb 1-Dy 2-Dy Dy
1 0 0 104.7 89.8 95.8 68.9 85.3 70.8
1 +£1 F1 -1047 —-89.8 —-958 689 853 —-70.8
3 0 0 15.2 12.2 13.4 —-10.3 —-129 -—-10.6
3 1 F1 93 7.5 8.2 —6.3 -7.9 —6.5
3 £3 F3 12.0 9.7 10.6 -8.1 -10.2 -84
5 0 0 19.3 15.5 17.0 —-15.5 —19.7 -16
5 £1 F1 -146 -11.7 -12.8 8.2 10.2 8.4
5 £3 F3 28 -2.3 —-2.5 7.3 9.3 7.5
5 +4 F4 65 5.2 5.7 —0.8 -0.8 -0.8
5 £5 F5 153 —-12.3 —13.5 11.1 14.0 11.5
7 0 0 0.3 0.2 0.3 —3.2 —4.1 -3.3
7 ##1 F1 -0.2 —0.2 —0.2 2.4 3.1 2.5
7 £3 F3 02 0.2 0.2 —-2.1 —2.7 —2.2
7 +4 F4 05 —0.4 —0.4 4.9 6.3 5.1
7 £5 F5 0.6 0.5 0.6 —6.9 -9.0 —-7.2

Note that Th and Dy are the complexes theoretically investigated in
ref. 31.

hand, for 1-Dy, besides the relaxation path via the third level,
there exists a possibility that the magnetization relaxes via the
fourth one according to the toy model in Fig. 3b of ref. 31 as the
admixture of the excited CF states to the four lowest exchange
doublets is precluded (Fig. 3(b)). As a result, U of 1-Tb and
1-Dy are 240 and 104 cm™ ', respectively, which are in a great
agreement with the experimental data (Table 2).*° On the other
hand, for 2-Tb and 2-Dy, the value of the matrix element
between —6 and +6 is similar to that between —2 and +2.
Hence, in addition to the relaxation path via the second
doublet, there may exist another path which involves the +6
exchange levels, doubling the U value of the former. In this
scenario, the most relevant path is —1, —4, —6 then to the other
side of the diagram which is highlighted by the orange arrows.
Thus, the ab initio data confirm the experimental observation of
two blocking energy barriers in 2-Th. It also suggests that not
only 2-Tb but also 1-Dy and 2-Dy possess the same property.
The reason why the property is only observed in the former
complex is perhaps that the measured temperature range in the
Arrhenius plots for the latter two complexes is not sufficient:
while for 1-Tb, the temperature varies from 2 to 60 K, for 1-Dy
and 2-Dy, they are 2-15 K and 2-18 K, respectively.*’

Notably, the experimental data show that the barrier height
of the Tb complexes is around twice as large as the Dy
analogues, which is also confirmed by our calculations.
Furthermore, this property also appeared in the previous series
reported by Rinehart et al.**** Since the surrounding ligands
and the bridging radical are identical for the two lanthanide
ions, it is predicted that the discrepancy may arise from the
lanthanide sites themselves. To shed some light on this, the
nature of the exchange levels are analyzed explicitly such that
the contribution of the local state k on each magnetic center to
the exchange level n is calculated as:

DIk K K )P, (6)

kK"

w(n, k) =

where |kk',k") are direct products of the local states of
the three magnetic centers (Fig. 3 and Tables S1-S4, ESIf).
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Fig. 3 Magnetization blocking barriers for (a) 1-Tb, (b) 1-Dy, (c) 2-Tb and (d) 2-Dy. Purple bands indicate the CF doublets on each Ln center. Green
bands show the exchange levels which are arranged according to their magnetic moments. Grey dot lines with percentages highlight the admixture of
the CF doublets to the exchange ones (details in Tables S1-S4, ESIt). The number at each blue, red and orange dashed line or arrow is the average of the
absolute values of the matrix elements of transition magnetic moments between the two connected states. Blue dashed lines within the ground doublets
display QTM while those within the excited doublets are temperature-assisted QTM. Red and orange arrows demonstrate the first and second possible

relaxation paths, respectively.

Considering the cases where the THF group is removed, the
two lowest exchange levels are mostly mixed by the ground CF
doublet so that the energy gap between them is mainly from
the exchange interaction (Fig. 3(c) and (d)). Since their para-
meters appearing in the microscopic model (¢, A and U,) are
similar to each other, their exchange splitting is supposed to
be also in equivalence.?™**”* However, as shown in Table 4,
the energy gap between the two lowest exchange doublets in
2-Tb is around twice as large as that in 2-Dy. This discrepancy,
in fact, results from (i) the D, symmetry of the exchange core
Ln**-N,*"-Ln** where the anti-bonding n* orbital of the
radical overlaps with the 4f,,, molecular orbital(s) corres-
ponding to L, M;, = 3, £2; and (ii) the superexchange originates
from the transition of the unpaired electron ie. (4f)"(n*)! <
(4f)™(n*)°. As a consequence, whereas in the Tb*" ion there
are two possible paths for the electron transition, in Dy*", the
molecular orbital 3, 2 is already filled, leading to only one

This journal is © the Owner Societies 2021

Table 4 Energies of low-lying exchange doublets (cm™)

Doublet 1-Th 1-Dy 2-Th 2-Dy

1 0.000 0.000 0.000 0.000
2 235.341 103.948 221.725 112.641
3 240.132 103.948 221.725 112.658
4 240.249 207.842 305.016 138.858
5 256.089 246.928 321.093 141.852
6 402.350 248.673 439.820 209.529
7 405.877 337.700 439.820 210.541
8 408.897 337.701 474.591 219.465
9 409.435 376.237 533.112 223.273

electron transfer path (Fig. 4). As a result, the exchange
splitting in 2-Tb is roughly twice as large as the corresponding
value in 2-Dy, which also offers a twofold energy gap between
the ground and first excited doublets in 2-Tb compared
with 2-Dy. Therefore, the blocking barrier in the Tb complex
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is approximately twice as large as in the Dy analogue,
given that the most common relaxation path for the N,*>~-
containing dilanthanide series is via the first-excited exchange
leVel 31-33,40

5 Conclusion

In this work, the top-performing N,*> -bridged dilanthanide
compounds reported in ref. 40 were investigated by using a
combination of an ab initio approach and an adequate theo-
retical model of magnetic exchange interaction. On the basis of
the obtained results, the magnetic blocking behavior and the
origin of the two blocking barriers in the series were elucidated.
For performant SIMs, the Dy’" ion is undoubtedly more favor-
able than the Tb** ion given that the former possesses a larger
magnetic moment. However, the situation becomes more
complex when the exchange interaction enters into the equa-
tion. In the case of Ln*'-N,>-Ln®', the effective blocking
barrier Ues of Tb compounds is around twice as large as the
Uegr of the Dy analogues due to the fact that the exchange
splitting in the former is approximately double that of the
latter. Therefore, if the exchange interaction is promoted by
the N,*~ radical, Tb ions have a better potential to improve
the SMM performance compared with other Ln ions. This rule
is not only applicable for this family but also possibly to
any complexes whose exchange core possesses D,;, symmetry.
Besides the magnetic core, the design of the surrounding
ligands also represents an important step towards the
enhancement of exchange magnetization blockage. Future
work will certainly concentrate on this aspect to further eluci-
date the microscopic picture of exchange-coupled lanthanide
complexes.
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